A method for depth profiling using single-shot laser-ablation split stream (SS-LASS) ICP-MS is developed to simultaneously measure U-Pb age and trace-element concentrations in titanite. Simple semi-infinite, 1-D halfspace diffusion models were applied to near-rim, trace-element zoned domains in titanite to distinguish between cooling and (re)crystallization ages and investigate the potential for preservation of thermally mediated diffusive loss profiles. These data illustrate the need to measure multiple trace elements with varying diffusivities to interpret a mineral's thermal history resulting from the non-unique nature of 1-D diffusion models where both temperature and time are unknown. A case study of titanites from two Pamir Plateau gneiss domes indicates they underwent ≥25 Myr of amphibolite and granulite facies metamorphism yet did not experience significant volume diffusion modification following (re)crystallization. The interpretation of prolonged (re)crystallization rather than diffusion allows for high-resolution, near-rim temperature-time histories to be extracted using U-Pb dates and Zr 4+ apparent temperatures by SS-LASS.
Introduction
Core-to-rim elemental and isotopic zoning in minerals has been widely used to quantify rates of geologic processes (e.g. Dodson, 1973; Chakraborty, 2006) . Much of this work has centered on electronmicroprobe analysis (EPMA) of variations in elemental abundances, which are typically interpreted using laboratory-determined volume diffusivities (e.g., Cherniak, 1993 Cherniak, , 2006 . Isotopic zoning in minerals has generally been harder to measure because of limitations in spatial resolution, but major advances have been made with secondary-ion mass spectrometry (SIMS), particularly in the measurement and interpretation of isotopic and chemical-zoning measured as a depth profile by sputtering from the grain rim inward (Lee et al., 1997; Grove and Harrison, 1999; Abbott et al., 2012; Kelley et al., 2014) . The application of inductively coupled plasma mass spectrometry (ICP-MS) to depth profiling heralds a new era because of its ability to more rapidly and easily measure multiple isotopes and elements near-simultaneously (e.g., Kohn and Corrie, 2011; Smye and Stockli, 2014) . Additionally, the development of laser-ablation split stream (LASS) ICP-MS, which enables simultaneous measurement of U/Th-Pb isotopic ratios and trace-element concentrations, has yet to be applied to depth profiling of minerals. One of the biggest advantages to the simultaneous measurement of multiple elements is the ability to use elements with radically different diffusive length-scales as a tool for assessing whether zoning resulted from thermally mediated volume diffusion or other processes such as recrystallization.
This paper showcases a new technique, combining the high spatial resolution of single shot (SS)-LA-ICP-MS (Cottle et al., 2009 (Cottle et al., , 2012 Viete et al., 2015) with the high-resolution, multi-isotope/element measurement capabilities of laser-ablation split stream (LASS; Kylander-Clark et al., 2013) to resolve U-Pb age and trace-element zoning in titanite at the~100 nm scale ( Fig. 1) . Several secondary reference titanites were analyzed in addition to natural samples to demonstrate the external reproducibility of the SS-LASS technique. Data are then used to interpret the elemental and isotopic variation and extract the thermal histories of two titanites from the Pamir Plateau. Titanite is an especially useful tool for dating petrologic processes (e.g., Rubatto and Hermann, 2001; Parrish et al., 2006; Spencer et al., 2013) because it is present in a variety of bulk compositions (Frost et al., 2001) , recrystallizes and grows via net-transfer reactions at amphibolite and granulite-facies metamorphic conditions (Spear, 1981; Harlov et al., 2006) , contains compositional variation that can be linked to changes in major-phase abundance (Prowatke and Klemme, 2005) , has a calibrated Zr 4+ thermometer (Hayden et al., 2008) and has experimentally determined Pb and Zr diffusion rates (Cherniak, 1993 (Cherniak, , 2006 . Available experimental data predict that Pb and Zr have quite different diffusivities and should diffuse significantly different distances (Pb should diffuse~14x farther than Zr over the same period of time) at temperatures of~600-700°C over millions of years (Cherniak, 2006) . There is some question about the applicability of experimental diffusion data to natural rocks, however, with a number of studies examining natural titanite and concluding that Pb and Zr are immobile under such temperatures (Scott and St-Onge, 1995; Zhang and Schärer, 1996; Kohn and Corrie, 2011; Spencer et al., 2013; Stearns et al., 2015) . The aim of this study is not to quantify the discrepancy between Depth profiling of titanite via single-shot laser-ablation split stream (SS-LASS) consists of a number of single laser pulses that are simultaneously fed into a quadrupole-ICP-MS to measure Zr concentration and a multicollector-ICP-MS to measure the total counts of U, Th, and Pb. Isotopic compositions and concentrations are then calculated normalized to the primary standards. Each 54 μm diameter SS-LASS datum consists of~150-330 μm3, 5,500-11,800 ng of titanite, and~0.3-0.6 ng of Pb (50 ppm; or~0.05-0.1 ng for 10 ppm Pb) compared to traditional analysis of a 40 μm diameter spot fired 80 times, which corresponds to~6,700 μm3,~240,000 ng of titanite,~12 ng of Pb (50 ppm;~2.4 ng for 10 ppm Pb).
Fig. 2.
The Pamir Plateau is the most extensive exposure of the Cenozoic, Asian mid-deep crust in the India-Asia collision zone. The locations of samples 6907B2 and 999B3 (yellow dots) are within Yazgulem and Shakhdara domes, respectively. The Yazgulem dome is dominated by metamorphosed siliciclastic and carbonate rocks that were intruded by plutons during shortening. Alternatively, the Shakhdara dome is predominantly granitoids and orthogneisses that have been penetratively deformed during large-magnitude extension related to exhumation. Figure modified experimental-and empirically-derived diffusion data, but rather to highlight a method for characterizing near-rim isotopic and chemical zoning and comparing it to models of lattice diffusion. The method outlined here allows for extracting robust thermochronometry records from titanites with near-rim elemental and isotopic zoning. (See Fig. 2 
.)
It is not uncommon for titanite grains to preserve intragrain variation of U-Pb dates and Zr concentrations (Kohn and Corrie, 2011; Bonamici et al., 2015; Stearns et al., 2015) . Understanding whether this variation resulted from lattice diffusion, neocrystallization, or recrystallization is important for interpreting the titanite petrochronology. The spatial patterns of in situ dates and trace element analyses − in conjunction with the grain size distribution of the chronometer phase − can assess the probability of lattice diffusion-controlled closure as a resetting mechanism (Stearns et al., 2015) . For example, samples with a range of grain sizes that define a single population of U-Pb dates must record a single neocrystallization age or complete recrystallization because of the quadratic dependence of lattice diffusion on distance/grain size. Put simply, small grains should be younger/have lower concentrations than big grains and spot analyses should young/have lower concentrations towards the rims of grains. Alternatively, samples that have a uniform grain size distribution and/or a spatially coherent range of U-Pb dates are equivocal could result from either diffusive equilibration or uniform (re)crystallization processes. The latter situation requires further microanalysis and modeling to understand whether the near surface isotopic and chemical variation record (re)crystallization or lattice diffusion controlled closure.
Methods

Sample Selection and Geologic Setting of the Pamir Titanites
Natural samples analyzed in this study come from the Pamir Plateau, a region that exposes middle to deep crustal rocks related to the India-Asia collision. The rocks from the middle to deep crust crop out in two groups of genetically related gneiss domes (Schwab et al., 2004) . The now-exhumed middle to deep crust experienced amphibolite and granulite facies metamorphism (Schmidt et al., 2011) lasting at least ≥ 15 Myr from~35-8 Ma (Stübner et al., 2013; Smit et al., 2014; Stearns et al., 2013 Stearns et al., , 2015 . Titanites from these domes record U-Pb ages span-ning~30 Myr and 2) elevated Zr-in-titanite temperatures. This record spans both prograde and retrograde metamorphism within the domes (Stearns et al., 2015) . Samples 6907B2 and 999B3 were chosen to investigate the near-rim isotopic and chemical variation at a length scale less than the spot diameter of a traditional LA-ICP analysis (~30-40 μm).
Sample 6907B2 is a undeformed granodiorite emplaced near the northern margin of Yazgulem dome. The granitoids intruded during thickening of the Pamir crust related to the collision of India and pre-date peak metamorphism and exhumation of the mid-deep crust within the Yazgulem dome. Titanite from 6907B2 are typically euhedral and range from~300-400 μm in diameter. Titanites dated by traditional U-Pb LA-ICP-MS form a single population age of 40.1 ± 0.8 Ma (MSWD = 1.1; Stearns et al., 2015) . The Yazgulem dome experienced prograde metamorphism from~27-20 Ma (Smit et al., 2014) followed by rapid exhumation from~20-16 Ma recorded by monazite, titanite (Stearns et al., , 2015 , and multiple thermochronometer systems (Rutte et al., 2014) .
Sample 999B3 is a garnet amphibolite boudin from the southern margin of the Shakhdara dome. The sample contains relict pyroxene and is interpreted to have been overprinted by retrograde metamorphism during exhumation of the Shakhdara dome beginning at 20 Ma (Stearns et al., 2015) . Most titanites from 999B3 are subhedral to anhedral and range in size from~150-400 μm in diameter. A subhedral grain with pristine crystal faces was chosen for this study to ensure characterization of the actual grain rim. Sample 999B3 has not been dated by traditional LA-ICP-MS analysis, but U-Pb titanite ages from lithologically and structurally similar rocks nearby range in age from~17-9 Ma (Stearns et al., 2015) . The Shakhdara dome experienced prograde metamorphism from~37 Ma followed by a prolonged exhumation recorded by titanite from~20-8 Ma (Stübner et al., 2013; Stearns et al., 2015) .
Both 999B3 and 6907B2, contain titanite grains with near-rim U-Pb isotopic and trace element variation that resemble (i.e. a Gaussian decrease from grain mantle to grain rim) thermally-mediated diffusional loss of Pb and Zr. Whether this type of near-surface variation records mineral closure or (re)crystallization is important for interpreting the titanite record of metamorphism in both the Pamir and for application of titanite to petrochronology studies in general.
Sample preparation
Well-characterized titanites from Fish Canyon tuff (FC-1; 28.53 ± 0.05 Ma; Schmitz and Bowring, 2001) , Y1710C5 (391.8 ± 2.7 Ma; Spencer et al., 2013) , Bear Lake Ridge (BLR-1; 1047.1 ± 0.4 Ma; Aleinikoff et al., 2007; Mazdab, 2009 ), Ontario-2 (ONT-2; 1053.3 ± 3.1 Ma; Spencer et al., 2013) , and NIST-610 glass (Gao et al., 2002) were mounted in epoxy and polished to medial sections. Whole, subhedral to euhedral titanite crystals from two Pamir rocks, 6907B2 and 999B3, known to have variation in either age or trace-element content were mounted in the same 25-mm diameter epoxy mount such that pristine external crystal faces were exposed at the mount surface without polishing. The grains were inspected both by optical reflected light and scanning electron microscope to ensure the integrity of the crystal faces following mineral separation. No polishing was performed prior to analysis, but mounts were thoroughly cleaned with distilled water prior to analysis.
Analysis
A 193 nm Photon Machines ArF excimer laser equipped with a twovolume Helex® laser cell was used with 0.25 l min −1 He total and 1.15 l min −1 Ar carrier-gas flow per mass spectrometer. The relative gas flows to each instrument were tuned to maximize sensitivity prior to analysis.
The typical washout time following a laser pulse was less than 1 s and 8-10 s of background was collected between laser pulses. The laser parameters used were fluences of~1.7 and 2.8 J/cm 2 corresponding to an excavation rate of~67 and~145 nm, respectively, and a spot diameter of 54 μm. The ablated analyte was split using a Teflon T-connector and sent to two mass spectrometers to maximize count rates: U-Pb isotopic ratios and U, Th, Pb concentrations were measured on a Nu Instruments HR Nu Plasma ICP-MS and the trace element zirconium ( 90 Zr) was measured on an Agilent 7700S quadrupole ICP-MS. A complete list of Fig. 4 . The incorporation of non-radiogenic Pb (high 207 Pb/ 206 Pb, low 238 U/ 206 Pb) into titanite during crystallization, and the resulting mixing with radiogenic Pb (low 207 Pb/ 206 Pb, high 238 U/ 206 Pb), necessitates the use of a Tera-Wasserburg concordia plot and the calculation of partial-Pb isochrons or intercept ages (Ludwig, 1998) . Analyses can be evaluated for different proportions of two or more end-member Pb compositions, a non-radiogenic Pb and one or more radiogenic Pb compositions, based on the trajectory of the data and position within the depth profile. instrument settings is in Table 1 . The use of a static collector array, relative to using a single quadrupole or magnetic sector instrument, avoids lost counts due to long (NN200 ns) integration periods required of single collector instruments and settling time of quadrupole instruments while scanning between the seven masses used in this study.
Laser energy was stabilized prior to analysis by firing continuously for several minutes with a blocking shutter in place. Laser spots were placed on the flattest, inclusion-free portion of the grains (Fig. 3 ). Two cleaning shots were used to remove surface contamination ( Fig. 3 inset) ; despite this, some samples show slightly elevated common Pb for the first few analyses. Each depth profile consists of 60 single laser-pulse analyses from a 54 μm diameter spot ( Figs. 1 and 3 ). The amount of material ablated per laser pulse − the ablation efficiency − is expected to be constant under such conditions (van Soest et al., 2011) allowing the sampling depth of each laser pulse to be calculated from total pit depth. The final pit depths were measured using reflected-light microscopy and optical interferometry and found to be 4.2 ± 0.1 μm and 8.7 ± 0.1 μm for~1.7 J/cm 2 and 2.8 J/cm 2 , respectively. This is equivalent to ablation rates of 67 and 145 nm/laser pulse or~5,500 and~11,800 ng of titanite per pulse; compare to~240,000 ng of titanite in a traditional 80-shot laser ablation analysis at~2 J/cm 2 using a 40 μm diameter spot. For titanite with 50 ppm Pb, a SS-LASS datum contains~0.3-0.6 ng of total Pb compared to ~12 ng Pb in a traditional analysis (~0.05-0.1 ng and~2.4 ng Pb for 10 ppm Pb titanite, respectively).
Signal intensity in homogeneous reference materials typically decreases downhole by~10-20%. Because of signal intensity decrease, use of either a larger spot, or polishing and further SS-LASS analysis would be necessary to obtain profiles deeper than~10-15 μm. If the concentration or isotope ratio varies at a scale greater than~30 μm, a line traverse of traditional laser spots across a medial section of a grain would better capture isotopic and chemical variation. Re-deposition of ablated material from early laser shots on the sample surface, pit sidewall, and pit bottom could potentially contaminate later shots. The amount of re-deposition has been shown to be a strong function of the number of laser pulses and the type of sample gas used during ablation (Eggins et al., 1998) . Using fewer laser pulses and a helium atmosphere, rather than argon, significantly reduces re-deposition. It is also possible that laser pulses farther down the pit (shot 60 versus shot 5) experience a small amount of contamination from continued ablation of the sidewall material by subsequent laser pulses (Eggins et al., 1998) . Both re-deposition on the surface and sidewall and contamination via continued sidewall ablation are minimized by the use of helium sample gas, the high aspect ratio of the analysis pit, and the N 10 second waiting time between individual laser pulses. Fig. 7 . Tera-Wasserburg concordia plots of Pamir titanites 999B3 and 6907B2 show the isotopic variation as a function of depth, each ellipse is a single laser shot. 207 Pb-corrected intercept dates (inset) are also plotted by depth from crystal surface. Purple indicates the 1st shot (near surface) and red the 60th laser shot. Grey lines are reference isochrons (Ludwig, 1998) to compare the trajectories of the data down the depth profile.
Data reduction
The raw data were reduced using a MATLAB® program, 'SLaPChron' (Cottle et al., 2012) , modified to process Zr, Pb, U, and Th concentrations in addition to the usual 207 Pb/ 206 Pb, 238 U/ 206 Pb, 235 U/ 207 Pb and 232 Th/ 208 Pb isotopic ratios. Corrections for down-hole elemental and inter-element fractionation, as well as a magnitude correction that adjusts the primary reference material to a known value, were completed in Microsoft Excel®. Time and depth-dependent elemental and interelement fractionation were modeled via a linear regression of the primary reference material (BLR-1), which was then applied to all unknowns. Other regression types (grand mean, polynomial, and exponential) were investigated, but the linear regression routinely yields the best fit to the data with the lowest residuals. BLR-1 was used as the primary reference material because it provides a robust, matrix-matched down-hole correction and is isotopically homogeneous. Unfortunately a chemically homogeneous natural titanite reference material does not exist. BLR-1 is inhomogeneous at the grain scale with respect to U, Th, Pb, and Zr concentrations and requires characterization of each grain. The values of BLR-1 were thus measured by EPMA and further calibrated by comparing those measurements to BLR-1 values attained by normalizing to NIST-610 glass (Appendix 1). Due to the different down-hole fractionation behavior of glass and titanite, a surface intercept method was used when normalizing to NIST-610. This normalization assumes the least elemental fractionation occurs at the beginning of ablation. A standard-sample bracketing approach for each single laser shot of the primary and three secondary isotopic reference materials (BLR-1 & ONT-2, Y1710C5, FC-1 titanites), the primary and secondary trace element reference materials (NIST 610 glass and BLR-1 titanite), and unknown titanites (999B3 and 6907B2) during the analytical run provides several checks on the accuracy of the down hole elemental fractionation trends. The concentration values of Zr, Th, and U in BLR-1 obtained by normalizing to NIST-610 are within uncertainty of those measured by EPMA, confirming the robustness of this normalization scheme (Table 2) . Throughout this study, the NIST-610 normalized and EPMA data for BLR-1 were utilized in preference to the published (Mazdab, 2009 ) trace element values for BLR-1.
Uncertainties in isotopic ratios and elemental concentrations were calculated using the population statistics of the primary reference titanite during each analytical run (one depth profile; see Cottle et al. (2012) for a description of error propagation). Each analysis consists of the summed total counts for a single laser pulse rather than repeat measurement of a homogeneous composition, and thereforein contrast to traditional time-resolved data collection − gives a single datum with no associated external uncertainty. An external uncertainty for individual measurements (i.e. a single laser pulse) is computed as the quadratic sum of the counting statistics (internal uncertainty and usually the largest source of error) for the individual analysis plus two standard deviations of the primary reference material mean value during a single analytical session (one depth profile). Additional uncertainty (typically ≤ 2%) is added in quadrature as required to make the secondary reference materials a single population (assuming a Gaussian distribution of uncertainties).
Isotopic ratios were plotted on Tera-Wasserburg concordia diagrams; in this space, the data typically form a linear array between initial or common Pb and radiogenic Pb that defines a SemiTotal-Pb/U isochron (Ludwig, 1998; Fig. 4 ). In Tera-Wasserburg space, titanites with intragrain age variation (i.e. young rim-old core) would likely manifest as curvilinear arrays with progressively lower 238 U/ 206 Pb ratios from rim to core. U-Pb ages were 207 Pb-corrected using the intercept method (York, 1966; Compston et al., 1992) and the initial or common-Pb composition defined by a group of co-genetic analyses, rather than 204 Pb, 208 Pb (no Th) (Williams, 1998), or 202 Hg (Storey et al., 2006) based corrections. For data that do not define an isochron, such as the Pamir samples 999B3 and 6907B2, a common-Pb composition based on the Stacey and Kramers (1975) model for the approximate age of the sample was used. For reference, the upper-intercept values are reported in the upper left of the concordia diagrams.
Diffusion modeling
In general, the aim of diffusion modeling is to quantify rates of geologic processes using the movement of elements in response to chemical-potential gradients. In this study, the aim of diffusion modeling is to understand the first-order chemical and isotopic variation in the context of known diffusion parameters for titanite. We therefore adopt several simplifying assumptions: 1) Diffusion of the elements of interest is assessed by measuring and interpreting the concentration gradient of the elements; 2) Diffusion was isotropic; 3) Diffusivity was constant at a given pressure and temperature; 4) Diffusion can be modeled in a semi-infinite medium with a boundary condition of constant concentration at the grain surface because the titanite grain sizes in this study are~100 times larger than the depth profile and; 5) The initial concentration of the diffusant was uniform in a semi-infinite medium and entirely captured within the depth profile (i.e. steady-state values are measured by the end of the depth profile).
For a semi-infinite source and constant diffusivity D, the normalized concentration profile at time t is given by Crank (1975) :
where C is concentration, C r rim concentration, C c core concentration, x position, and D diffusivity. The normalized concentration data can be linearized with an inverse error function; the slope m of the inverted data is:
This relationship indicates that for a given time, temperature, and activation energy (E a ), the slopes of the inverted concentration profiles for different elements differ by ffiffiffi ffi D p
. For titanite, at temperatures of Fig. 9 . If volume-diffusion loss can be eliminated, prolonged (re)crystallization-based cooling trajectories can be calculated from the U-Pb dates and apparent-Zr temperatures (Hayden et al., 2008) . Linear regression of the data yields cooling rates of 6 ± 1 and 18 ± 5°C/Myr for 999B3 and 6907B2, respectively. The cooling rate for 999B3 from~19-11 Ma are slower than thermochronometrically determined rates of 70°C/Myr (for~8-2 Ma; Stübner et al., 2013) for the same area, which may suggest an acceleration of tectonic unroofing of the Shakhdara dome between~11-8 Ma. 
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Cell
Two volume Helex cell (Eggins et al., 1998 (Eggins et al., , 2005 (Cherniak, 1993; Chakraborty, 2006) . It is important to compare diffusants with similar activation energies (Cherniak et al., 1997) due to the kinetic effects of thermally activated diffusion. In other words, elements with similar E a show similar temperature dependence, but diffuse at different rates. In titanite, Pb and Zr have similar E a for lattice diffusion of 328 ± 11 kJ mol − 1 and 321 ± 34 kJ mol − 1 , respectively (Cherniak, 1993 (Cherniak, , 2006 . Though no such experiments exist for diffusion of U or Th in titanite, the E a for U and Th diffusion and zircon may provide a first-order approximation of the relative kinetic differences between Pb, U and Th. Experimentally determined E a for U and Th diffusion in zircon are 726 ± 83 and 792 ± 34 kJ mol −1 respectively, which are~30% higher than that of the E a of Pb diffusion in zircon (Cherniak et al., 1997; Cherniak and Watson, 2001) . Similarly, Sr and Nd diffusion in titanite have similar E a , which are 40% higher than the E a for Pb diffusion in titanite (Cherniak, 1993 (Cherniak, , 1995 and should therefore present good targets for assessing diffusion in titanite.
Results
Ontario-2
Single-shot dates of Ontario-2, one of three in-run secondary reference titanites analyzed to monitor external reproducibility during two analytical sessions ( Fig. 5 ; 1062 ± 30 and 1064 ± 30 Ma), are in agreement with the previously published TIMS age of 1053 ± 3.1 Ma and LA-ICP-MS age of 1048.7 ± 2.6 Ma (Spencer et al., 2013) . Measurements of Zr, Th, and Pb from the same two sessions are within~10% of the EPMA values ( Fig. 6 & Table 2 ) and in agreement with estimates of the U, Pb, and Th content based on TIMS measurements (Spencer et al., 2013) . The EPMA measurement of U (48 ± 20 ppm) does not agree with the SS-LASS but is within error of the TIMS measurementthe latter has large uncertainties (~100%) from estimation of the masses of the grains prior to dissolution.
Y1710C5
Single-shot dates of secondary reference titanite Y1710C5, also analyzed in run during two analytical sessions ( Fig. 5 ; 392 ± 12 and 400 ± 12 Ma), are within uncertainty of the published TIMS ages (Kylander-Clark et al., 2008; Spencer et al., 2013) . Repeat analyses of U, Th, Pb, and Zr in Y1710C5 titanite from the same sessions form a single population. The average Zr concentration of 426 ± 42 ppm is equivalent to the EPMA measurements of the same grain (this study; Fig. 6 & Table 2 ) though lower than Spencer et al.'s (2013) EPMA measurement of a different grain. The Th content measured by SS-LASS differs from the EPMA measurement by 24%. The U contents measured by the two techniques agree within uncertainty.
Fish Canyon titanite
Fish Canyon tuff titanite have the lowest Pb concentrations (~1 ppm). Additionally, SS-LASS U-Pb data from the Fish Canyon tuff titanite are discordant and do not define an isochron and are thus difficult to interpret accurately. The SS-LASS trace-element measurements are in accord with published Zr, U, Th and Pb concentrations (Schmitz and Bowring, 2001; Bachmann et al., 2005; Hayden et al., 2008) and EPMA measurements (Table 2 ; this study).
Pamir titanite
Both Pamir samples exhibit coherent grain mantle to rim trends of the U-Pb isotopic compositions that indicate variation in age along the depth profile (Fig. 7) . These trends are interpreted as threecomponent mixing of common Pb ( 207 Pb/ 206 Pb ≈ 0.8, 238 U/ 206 Pb b 10) and at least two radiogenic-Pb compositions ( 207 Pb/ 206 Pb b 0.1, 238 U/ 206 Pb ≈ 160 and 240 for samples 6907B2 and 999B3, respectively) that do not fall along partial-Pb isochrons (Ludwig, 1998) . The isotopic ratios become more radiogenic and older (lower 207 Pb/ 206 Pb and 238 U/ 206 Pb ratios) downhole toward the center of the grain (Fig. 7) . For sample 999B3, the 207 Pb-corrected ages are~10 Ma near the surface and reach a consistent age of~18 Ma (~shot 50) near the bottom of the pit (Fig. 7A ). Analyses of sample 6907B2 are nearly co-linear in Tera-Wasserburg space (Fig. 7B ), but do not form a single population (MSWD = 2.2). The 207 Pb-corrected dates also do not form a single population (MSWD = 1.9). Like sample 999B3, the array is curved toward lower 238 U/ 206 Pb ratios with depth. The upper intercept of the first five shots was used to determine the composition of common Pb; using Stacey-Kramers common Pb as the upper intercept increases the 207 Pb-corrected dates by~1.5%. While not statistically robust, the downward trend of decreasing 238 U/ 206 Pb is consistent with increasing age and the trace-element zoning measured in this sample (see next section). The trace-element concentrations of all elements measured in sample 999B3 increase from rim to grain mantle ( Fig. 6) : Zr from~200 to 325 ppm, Th from~40 to 150 ppm, U from~110 to 250 ppm, and total Pb from~2.3 to 2.8 ppm. The concentration of Th measured by EPMA was lower than the SS-LASS measurements by~67%. This difference likely results from grain-scale heterogeneity within the sample. Each elemental profile has a similar shape: a homogeneous lowconcentration rim (first six analyses, or 0-420 nm depth), a transition zone or mantle of increasing concentration (420-700 nm), and a homogeneous inner zone of higher concentration (700-3080 nm). The Zr concentrations correspond to apparent temperatures of 750-800°C for a pressure of 8 kbar, chosen based on the barometry of similar-age, structurally similar rocks, (Schmidt et al., 2011) . When modeling the trace element distribution in sample 999B3, the homogenous lowconcentration rim (i.e. analyses 1-5) was excluded from the inversion, thus the linear best-fit model has a negative y-intercept.
The trace-element concentrations of all elements measured in sample 6907B2 increase from rim to mantle (Fig. 6) : Zr from~125 to 550 ppm, Th from~150 to 1500 ppm, U from~105 to 310 ppm, and total Pb from~3.7 to 5.7 ppm. Each elemental profile has a similar shape: low concentration rim that increases rapidly toward a homogeneous grain mantle. The Zr concentrations correspond to apparent temperatures of 700-770°C for an assumed pressure of 3 kbar based on a reasonable estimate of the pre-thickening emplacement pressure for rocks now within the Yazgulem dome (Schmidt et al., 2011) .
Discussion
Interpretation of the elemental gradients
If the measured concentration gradients are the result of volume diffusion, each element gradient that satisfies the simplifying assumptions should define a unique 1 ffiffiffiffiffi ffi 4Dt p slope that scales with the element diffusivity. In particular, as noted above for titanite, m Pb ≈ 12 m Zr . Fig. 8 illustrates that when the concentration gradients are inverted through erf − 1 , both of the element pairsand, importantly Pb and Zrdefine the same 1 ffiffiffiffiffiffi 4Dt p slope (4.8 ± 2.0 × 10 − 1 and 6.4 ± 2.6 × 10 − 1 respectively). Additionally, one-dimensional diffusion distance calcula-
; using an appropriate D for the apparent Zr temperatures) predict that Pb should diffuse tens to hundreds of microns during cooling -11x and 12x the expected diffusion distance of Zr for samples 6907B2 and 999B3, respectively. Additionally, Pb and Zr are unlikely to diffusively "uncouple" because of the similar activation energies.
The measured concentration gradients within the measured depth profile are not consistent with the predicted volume diffusion of Pb and Zr in titanite. Instead, process(es) other than volume diffusion, such as local chemical depletion during prolonged crystallization or modification via titanite recrystallization, are likely responsible for the observed near-rim zoning. Kohn and Corrie (2011) documented similar near-rim isotopic and chemical zoning in titanites from the Greater Himalayan Sequence in Nepal, which they interpreted as prolonged growth of titanite during prograde metamorphism.
In contrast to the continuous drilling methods of Kohn and Corrie (2011) and Smye and Stockli (2014) , the SS-LASS method enables U-Pb isotopic and concentration data to be obtained from each single datum/laser shot. This eliminates the need to bin or average analyses for error propagation and affords finer scale depth resolution. The complete counting and return to background after a single laser shot also eliminates the effect of washout on the correlation between isotopic composition and concentration data. The use of BLR-1 as a single primary reference material (e.g., Kohn and Corrie, 2011) provides robust matrix matching behavior, but relies on a material that has been shown to have trace-element heterogeneity at the grain scale. External calibration via EPMA and the use of the secondary reference material during SS-LASS in this study provide a further means of assessing the accuracy of the trace-element concentrations.
These data demonstrate that modeling the concentration profile of a single element in order to quantify timescales of geologic processes can be perilous because of the non-unique nature of a model that depends on both time and diffusivity. Profiles of multiple elements with a range of diffusivities (and similar E a ) provide a more-robust approach for extracting thermal histories from diffusion profiles (Watson and Cherniak, 2015) . One of the strengths of multi-element depth profiling lies in the ability to assess whether the concentration gradients of elements with different diffusivities lead to the same inferred thermal history. The data presented here show that the volume-diffusion cooling histories calculated from a single-element profiles are: 1) too short given range of U-Pb dates and Zr concentration captured within the profiles and; 2) inconsistent between elements pairs with similar E a (i.e. kinetic behavior; Pb & Zr, U & Th) given the laboratory derived diffusivities and the non-uniqueness of the error function solution to the diffusion equation resulting from incomplete temperature time histories, initial and boundary conditions for these natural titanites. For example, calculating the temperature and time by fitting the concentration profiles in 6907B2 titanite leads to values of 750°C for 300 yr for Pb and~30 kyr for Zr, which when compared to the~15 Myr and~27 Myr duration of titanite (re)crystallization in the Yazgulem and Shakhdara domes, respectively (Stearns et al., 2015; Stübner et al., 2013) are geological improbable. Rather, the U-Pb dates and Zr thermometry are consistent with other thermochronology data from similar rocks ( Fig. 8A ; Rutte et al., 2013; Stübner et al., 2013) . It is possible that larger, grain-scale diffusion profiles are present that were not captured within the depth profiles presented here.
If the measured elemental concentration gradients are not the result of volume diffusion, they may instead be the result of growth zoning during protracted (re)crystallization and reflect time-dependent changes in partitioning of Th, U, Pb and Zr into titanite. All of the elements, despite the wide variety of predicted diffusive behavior, vary at the same length scale. This suggests that the variation of all of the measured elements in 999B3 and 6907B2 is sensitive to the same mechanism. Some possible mechanisms are changing equilibrium (Prowatke and Klemme, 2005) or disequilibrium partitioning (Paterson and Stephens, 1992) during prolonged crystallization, and/or changes in pressure or temperature during protracted (re)crystallization (Hayden et al., 2008) . Distinguishing among these mechanisms is difficult, especially given that the context of the grain has been lost due to mineral separation. The truncated highconcentration mantle surrounded by a homogeneous low-concentration~0.5 μm rim in sample 999B3 more closely resembles modification by recrystallization. This would be consistent with alteration during retrograde metamorphism documented in other samples from the southern Shakhdara dome (Stearns et al., 2015) . Alternatively, the limited range of U-Pb dates and the more continuous variation in the zoning of sample 6907B2 titanite perhaps more likely represents timedependent changes in partitioning during crystallization from a melt. These interpretations are speculative in nature and more detailed petrology in the context of surrounding phases and textures of both samples would be needed to make more robust interpretations.
If the zoning in both 999B3 and 6907B2 represents protracted (re)crystallizationand if not modified by diffusion or another processreliable cooling rates based on protracted (re)crystallization and equilibration can be extracted from the zoning by combining U-Pb ages and Zr apparent temperatures from each datum of the depth profile ( Fig. 9) . Cooling rates calculated from linear regression of the data are~6 ± 1°C/Myr from~18-11 Ma for 999B3 and~18 ± 5°C/Myr from~41-37 Ma for 6907B2. These cooling rates are geologically reasonable and consistent with existing 40 Ar/ 39 Ar, fission track, and U-Th/ He thermochronology studies that show much faster cooling rates in both the southern Shakhdara dome (Stübner et al., 2013) and Central Pamir domes (Rutte et al., 2013 (Rutte et al., , 2014 following~11 and~20 Ma, respectively. Multi-phase cooling ages (Ar-Ar mica, zircon and apatite fission track, and U/Th-He zircon and apatite) from near sample 999B3 indicate a faster post-11 Ma cooling rate of~70 ± 16°C/Myr from~8 to~2 Ma of Stübner et al. (2013) . These two independent cooling rates indicate a transition to more rapid cooling between~11 and 8 Ma, and provide tighter limits on the timing of tectonic events than either thermochronometer alone.
Conclusions
Single shot-LASS depth profiling is capable of accurately and precisely (~5-10%) determining the U-Pb age and trace element concentrations in titanite with~100 nm spatial resolution. Furthermore, the role of lattice diffusion in titanite can be evaluated by modeling the nearrim trace-element zoning using a simple semi-infinite, half-space diffusion model. For internal consistency, it is necessary to measure multiple trace elements with different diffusivities to interpret a mineral's thermal history. Pamir titanite that experienced prolonged amphibolite to lower-granulite facies metamorphism apparently did not experience significant lattice diffusion modification, but rather retained their U-Pb ages and trace element distribution related to (re)crystallization. Additionally, if lattice-diffusion processes can be ruled out and instead the titanites record protracted (re)crystallization, detailed temperaturetime histories can be extracted from the concurrently measured U-Pb dates and Zr 4+ apparent temperatures.
